This is the first of a series of five papers in which the thermodynamic properties of minerals are interpreted in terms of lattice vibrational spectra. In this paper, measured heat capacities for minerals are examined in terms of the Debye theory of lattice vibrations, and it is demonstrated that heat capacities of silicates show large deviations from the behavior expected from Debye theory. The underlying assumptions of Debye theory are critically reviewed, and it is shown that the observed thermodynamic deviations in minerals probably arise from four effects not included in the Debye model: anisotropy of elastic parameters, dispersion of acoustic waves toward Brillouin zone boundaries, optic vibrations in excess of the Debye spectrum at low frequencies, and optic vibrations at frequencies much greater than the Debye cutoff frequency predicted by acoustic measurements. Each of the four effects influences the heat capacity in a particular temperature range: anisotropy, dispersion and low-frequency optic vibrations are important at low temperatures (0øK to • 100øK); high-frequency vibrations are important at higher temperatures. It is necessary to include all four effects in a generalized lattice vibrational model for minerals; such a model is developed in papers 2-5 of this series. The minerals included in this study are halite,
INTRODUCTION
Many geologic questions which are asked about properties of the earth and processes within it cannot be answered because of our lack of knowledge of properties of minerals. In some cases it is possible to measure the relevant properties on appropriate samples; for example, seismic velocities of crustal minerals and rocks can be measured by ultrasonic techniques, compressions of high-pressure phases can be measured by shock wave techniques, and phase equilibria at low pressure and temperature can be studied in laboratory experiments. In other cases, however, it is not possible to do the appropriate experiments, because, for example, pressures and temperatures of interest may not be attainable in the laboratory, samples may not be available, or equilibrium may not be attainable. force for proceeding with a less rigorous model than the complete lattice dynamics formulation for lattice vibrations of minerals is the well-known fact that because the thermodynamic functions are averages over the frequency spectrum, they are insensitive to details of the spectrum.
The Debye model of the lattice vibrational spectrum, which gives a g(c0) that is a quadratic function of frequency, has been used commonly in geologic studies to predict or extrapolate the heat capacity or entropy of minerals and to relate their thermal properties to acoustic velocities. In this series of papers it is demonstrated that for most minerals a Debye model is inadequate to specify thermal properties which depend on lattice vibrations. The spectrum proposed as an alternative to the Debye spectrum is somewhat more complicated but is, nevertheless, still reasonably convenient. It is able to account much better than the Debye model for the variation of the thermodynamic properties of complex substances over a wide range of temperatures. In this paper, Debye theory is reviewed to provide a basis for the model introduced, measured heat capacities of simple and complex substances are compared, causes of deviations from Debye behavior are investigated, and simple quantitative models for one-dimensional lattices are discussed to provide a basis for the model introduced in paper 3 [Kieffer, 1979c] .
TEMPERATURE DEPENDENCE OF THE HEAT CaPaCITY OF COMPLEX SUBSTANCES

Debye Model
Of the many analytic models proposed for frequency distributions of lattice vibrations, one of the most enduring, because of its simplicity and universal applicability to simple substances, was developed by Debye [1912] . Debye developed the theory of distribution of frequencies in a solid by considering the solid as an isotropic elastic continuum. At the time of Debye's original paper on this subject the theory of reciprocal lattices and zones was not known, although Born had obtained some of the main results in a simultaneous alternative formulation of a specific heat theory yon Karman, 1912, 1913] . The derivation presented below gives recognition to the underlying crystal lattice, as treated in the lattice dynamical theory of Born and yon Karman [1912] , and thus emphasizes the approximations made to actual lattice structure [Brillouin, 1953] . For further details, see the work of Maradudin et al. The Brillouin zone is identical to the usual reciprocal cell adopted by crystallographers except that the factor of 2•-is included, the origin is taken at the center of the cell rather than at a corner, and the wave vector K is a coordinate rather than a reciprocal length. Let us now consider the propagation of elastic waves through a lattice. It is well known [e.g., Brillouin, 1953] 
As was previously stated, this assumes that all acoustic waves have the same speed vu and hence that the crystal is elastically isotropic. In reality, the compressional (P) and shear (S) waves have separate speeds, so that for an isotropic crystal there are two separate spectral contributions of the type The low-temperature and high-temperature limits of the thermodynamic functions are of particular interest in geology and geophysics, the low-temperature limit because it strongly influences the entropy and the high-temperature limit because it applies to most subcrustal conditions. At temperatures well below the Debye temperature (T << 0o so that l•coo/kT >> 1) the upper limit in the integral D(Oo/T)can be replaced by infinity. The resulting integral is simply a constant (evaluated in several ways by Reif[ 1965 
Applicability of the Debye Model
Applicability of the Debye model to real substances is governed by the extent to which the actual lattice vibrational spectrum is approximated by the g(co) given by (4) and (5), with the assumed sharp upper cutoff frequency coo given by (9). Mathematical models of the vibrational modes of crystalline arrays of atoms [Blackman, 1955] show that for monatomic substances, in which there is only one atom per unit cell (which allows the choice n = 1 and Z = 1 in (5), (6), (9), (11), (14), and (15)), the vibrational spectrum is reasonably well represented by the Debye model. The separate spectral contributions from the P and $ vibrations cause a definite departure from the simple Debye spectrum at the higher frequencies; however, the form of the dispersion relation for the individual branches (P or S) departs from the linearity assumed in the Debye model in such a way as to tend to compensate the effect of the separate P and S waves [see Leibfried, 1955 Because the elastic constants vary somewhat with temperature, a temperature dependence should be considered for 0e•(T), but the dependence is usually slight enough to be ignored for most purposes [0. L. Anderson, 1963] . In calculating 0e• from (11) for simple compounds satisfying conditions 1-4 stated above, it is the practice to take nNA/V as the particle density (number of atoms per unit volume without regard to type), in accordance with the rationale discussed, in which the 'vibrational unit' of the crystal is the single atom without regard to type. This practice has generally been followed also in calculating 0e• for minerals, as in the examples cited above, even though conditions 1-4 generally do not hold for these substances.
In principle, 0•a•(0) -0el for an anisotropic solid when the appropriate mean sound velocity is used (equation (7) with a velocity that is an average of vv and Vs is needed because at sufficiently low frequencies the separate contributions of the P and S waves to g(w) simply add in accordance with (7). A 'Debyelike' T • region is predicted even for highly anisotropic substances at sufficiently low temperatures.
Any elastic anisotropy requires a detailed summation of the contributions to g(w) for waves traveling in different directions. There is no reason to expect that this summation would lead exactly to the same result as is obtained by the common practice of substituting into (7) be considered appropriate over a wide temperature range, because the temperature variation of particle density and sound velocity is slight. For elements and simple compounds that are Debyelike in showing a nearly temperature-independent Oca•(T) it is found that 0e• generally agrees with 0ca• to within 10% [Blackman, 1955] . Alers [1965] curve. An extraordinary exception to the trends noted above for the silicates is pyrope, for which 0•(T)/0e• drops to 0.34. This anomaly, which gives rise to a high entropy for pyrope compared to that expected by entropy-estimating schemes, may be associated with anomalous vibrations of loosely bound magnesium atoms in the pyrope structure [Kieffer, 1979a] .
2. The second systematic trend is that the temperature at which the minimum is attained is generally lowest for framework silicates (Tmon = 20 ø for quartz and coesite; Tmon [Openshaw, 1974; Kelley, 1960] ; spinel (SPIN) [King, 1955; Bonnickson, 1955] ; jadeite (JADE) [Kelley et al., 1953] ; diopside (DIOP) [King, 1957] ; enstatite (ENST) [Kelley, 1943] ; olivine (OLIV) [Kelley, 1943; Orr, 1953 In a general way this discussion suggests that both the lowtemperature and the high-temperature calorimetric behaviors are correlated with the degree of polymerization of the SiO4 -• tetrahedra. The spectroscopic characteristics are also correlated with the degree of polymerization of the tetrahedra and, in a qualitative way, suggest that the degree of deviation from a Debyelike vibrational spectrum depends on crystal structure. Any model for mineral heat capacities should be capable of explaining these general relations between the thermodynamic behavior and the structural properties. 2. If the primitive unit cell of the one-dimensional lattice contains n degrees of freedom, there will be n different dispersion curves. By analogy, if the primitive unit cell of a threedimensional lattice contains n particles, it has 3n degrees of freedom, and there will be 3n different waves corresponding to each K value (a schematic example, based on data for quartz, is shown in Figure 7c The failure of the Debye model to take into account such detailed spectral features of complex crystals as anisotropy, mass differences, and force constant differences is responsible in a general way for its failure when it is applied to complex crystals. If minerals were simple diatomic substances, it might be reasonable to pursue simple chain models further to obtain estimates of dispersion relations and vibrational spectra. However, a description of the vibrational spectrum of a lattice requires detailed knowledge of local interatomic forces. Lattice dynamical models have not, in general, been successful for complex, polyatomic, anisotropic minerals. A complete lattice dynamics formulation requires knowledge of more lattice force constants than are generally available for minerals and results in an immense number of coupled differential equations which would be quite unreasonable to solve for most minerals of geological and geophysical interest. However, several results of lattice dynamics theory are of use in the formulation of a simplified generalized model and these will be the basis of the model proposed in paper 3 of this series.
CAUSES OF THE DEVIATIONS OF SILICATE HEAT CAPACITIES FROM DEBYE BEHAVIOR
The large variation of O,:a](T) with temperature and its de-
As was mentioned previously, spectroscopic data (presented briefly in paper 2) demonstrate that optic vibrational modes occur at both very low and very high frequencies compared to typical Debye frequencies obtained from acoustic data. In the next section, simple models are developed to estimate the effect which these modes have on the heat capacity.
Effect of Low-Frequency Optic Modes on the Heat Capacity
The effect on Oca•(T) of a vibrational spectrum with dispersion, a stopping band, and a single low-frequency or highfrequency optic mode can be understood by examining the simple models illustrated in Figure 9 , in which characteristic dispersion and frequency distribution curves for the simple diatomic model discussed in the previous section are compared with the single curve of the Debye model (dashed curve). Consider first the case in which an optic mode is below the Debye frequency and has so little dispersion that it can be represented by an Einstein oscillator (Figure 9a )co• = cos < coo. The frequency distribution corresponding to this model is shown in Figure 9b . The dashed curve represents a Debye spectrum with the coefficient a determined by the acoustic velocities according to (6). The area under the Debye curve is 3N = 3nNA, the total number of degrees of freedom of the vibrational oscillators in the crystal. The solid curve representing the vibrational spectrum of the diatomic solid is comprised of two parts: a low-frequency acoustic distribution, modified by a sinusoidal dispersion relation (as in (23) and (33)), and a higher-frequency optic distribution. The total number of degrees of freedom of the oscillators in this modified distribution is also equal to 3N. It is evident that owing to dispersion and to the low-frequency position of the optic mode, many modes of vibration occur in excess of the Debye spectrum at frequencies co less than the Debye frequency coo. At extremely low temperatures, where only the acoustic branch contributes to the heat capacity, the specific heat is that of the pure Debye model and 0½a• = 0o. As the temperature rises to T • ltoo,/k, the extra contribution from the excess oscillators due to dispersion at the zone boundary begins to be felt; i.e., the contribution of the term containing a• in (23) with ux determined from (A5). Velocities ux and ua from these four averaging schemes are shown in Table A1 . Because the velocity ux is constrained through (A4) to values between VvRH,S/2 •/s and VvR.,s, its value is not highly dependent on the averaging scheme used, and variations in u• are generally less than 10%. Note, however, that for highly anisotropic minerals the averaging scheme represented by (A7) and (A6) leads to a solution for ux which violates (A4) and therefore cannot be used. Somewhat larger variations may be obtained for the value of us because it is unconstrained and, mathematically, could become very large as ux approaches UVRVi,S/2 •/s. The values given by (A5) and (A6) are used in the model of paper 3. The uncertainty introduced into Cv calculations from the lack of a rigorous averaging procedure for ux is generally small and apparent only at very low (a few degrees) temperatures because the acoustic modes comprise a relatively small fraction of the total modes.
For those materials for which single-crystal velocities have not been measured but for which polycrystalline VRH averages are available I have estimated ux by assuming that the ratio ux/vvm•,s is the same as that for structurally similar materials, e.g., for stishovite using rutile; for coesite using quartz (or microcline); and for orthosilicates kyanite and andalusite using olivine and zircon. The velocity us is then calculated from (A6).
According to these choices, 0e• is given by (7) and ( 
. n'/n acoustic spectral fraction.
• unit direction vector, between (2) and (3). R gas constant per mole, equal to 1.988 cal mol -x deg -x. S entropy (molar), Table 1 
